In this communication, we reported a composite macroporous hydrogel sheet that can rapidly transform into multiple 3D shapes in response to a near-infrared (NIR) light on-demand. The transformation relies on a photo-thermal-induced asymmetric shrinking of the hydrogel material, which was further verified by finite element modeling.
Nature is replete with self-adaptive phenomena. Examples include humidity-mediated opening of plant organs, leaf wrinkling, tendril coiling, Venus flytrap, etc [1] [2] [3] [4] . Inspired by nature, researchers have made great efforts to design and fabricate adaptive polymeric hydrogel materials that are capable of transforming in response to environmental stimuli, such as temperature, pH, ions, electricity, humidity, external field and light, to name a few 5, 6 . Self-shaping hydrogel materials have found a wide range of applications in such as soft robotics, artificial muscles, biomedicine, microfluidics, actuators, etc [6] [7] [8] . Generally, a stimuli-induced differential swelling within the hydrogel is required for it to bend, twist and fold 6 . As an example, a hydrogel sheet with a bilayer structure can bend upon temperature change due to the mismatch in the extent of swelling between the two layers 9, 11, 12 . Among various environmental stimuli, light is particularly attractive as it can be implemented without contacting the material and can be remotely controlled 10, 13, 14 .
Light has been used to actuate liquid crystal films [15] [16] [17] , bend reduced-graphene-oxide-elastin composite 10 , and transform polymer-inorganic hybrid network 18 and carbon-nanotubedoped polymer film 13, 19 etc.
It is truly amazing that in nature octopus can transform to adapt almost arbitrary shapes in order to survive 20 . The ability to mimic octopus's morphing strategy and design selfshaping hydrogel materials that are capable of transforming into rich shapes is needed. At present, most self-shaping hydrogel materials are designed to acquire one or few specific pre-determined shapes through preprogrammed shape transformations in response to external stimuli [21] [22] [23] [24] . In this case, one or more responsive components are patterned in the hydrogel sheet and the types of target shapes are often predetermined at the stage of patterning. Kumacheva and coworkers recently reported that the same hydrogel sheet patterned with multiple responsive components can be transformed into three different shapes upon exposure to different stimuli 25 . The state shapes that can be transferred from the pre-patterned hydrogel, however, is restricted by the limited number of responsive components that can be integrated in the sheet and interference between these components in response to a specific stimulus. Recently, Hayward et al. demonstrated that the shape transformation of light-responsive composited hydrogel can be modulated to produce multiple shapes by controlling light irradiation patterns 26 . It is striking that the configurations that can be achieved from the same piece of these hydrogel sheets are infinite in theory. In their work, a characteristic response time of τ≈2-3 s was found for their composited hydrogel with a thickness of 25 µm. However, since the gel shapetransforming rate (τ) increases quadratically with the thickness (h 0 ) of the hydrogel film as τ∼h 0 2 , the transformation of a thicker hydrogel sheets would be rather slow. As an example, it would take up to fifteen minutes to reach equilibrium state in shape when the thickness is approximately 500 µm 26 . Previous studies suggest that introducing pores within self-shaping hydrogels can greatly increase the shape-transforming rate of hydrogels due to enhanced mass transport 9, 10 . However, to date a fast ondemand transforming hydrogel with macropores has never been demonstrated. Here we report the design of a macroporous hybrid hydrogel sheet that can undergo an ultra-fast shapetransformation and acquire at least five (unlimited number in theory) well-defined geometric configurations in response to near-infrared (NIR) light (Scheme 1). The macroporous hybrid hydrogel sheet is composed of thermo-responsive polymer, poly (N-isopropyl acrylamide) (PNIPAM) embedded with silver nanoparticles (AgNPs) that are capable of converting absorbed light to heat (so-called photothermal effect). Both our experimental and computational studies showed that the light-triggered shape transformation arises from the combination effect of the photothermal heating of AgNPs and thermo-responsiveness of PNIPAM. The representative shapes obtained from the same hydrogel sheet include helical, boat-like, hoof-like, and saddle-like structures. The presence of macropores in the sheet significantly enhanced the transport of water molecules when it underwent swelling or shrinkage 27 , thus enabling the rapid reversible shape transformation of the hydrogel sheet. The shape transformations reached maximum on the order of seconds while it usually takes minutes or even hours for a macroscale nonporous hydrogel of similar thickness to reach its maximum transformation 25 . There are several important features of the design, which distinguish this work from others, including: i) the hydrogel bears macropores and hence the shape transformation is extremely fast; ii) the hydrogel material is reprogrammable and multiple welldefined shape transformations (at least five) are obtained from the same 2-D sheet; iii) light as a stimulus can be remotely controlled. iv) NIR light is less harmful than UV and visible light, and has a larger penetration depth to biological tissues. To fabricate the macroporous hybrid hydrogel sheet, poly(ethylene glycol) (PEG), a pore-forming reagent (Fig. S1 ), was added to the hydrogel precursor composed of Nisopropyl acrylamide (monomer), N,N'-Methylenebisacrylamide (cross-linker), 2-hydroxy-2-methylpropiophenone (photo-initiator) and water. Subsequent UV photopolymerization and removal of PEG by washing produced hydrogel sheets with macroporous structures (Fig. S3) . The size of the pores is estimated to be in the range of 200 nm to 1 µm (Fig. S3 ). AgNPs were integrated within the PNIPAM hydrogel sheet by in situ reduction of silver nitrate (Fig. S4) . The as-synthesized AgNPs in the hydrogel sheet showed a roughly spherical shape and a broad size distribution (Fig. S13 ). Under the current experimental conditions, the AgNPs-loaded hydrogel showed a fairly strong absorption at 808 nm wavelength, though its absorption peak located at around 595 nm (see Fig. S2 ). The red-shift of absorption peak from around 400 nm of spherical AgNPs can be attributed to the dense packing of AgNPs in the hydrogel, as indicated by the dark, shining and non-transparent appearance of the gel (Fig. S4) . A continuous-wave NIR laser (wavelength: 808 nm) was used to trigger the transformation of hydrogel sheet into different shapes.
By simply tuning the NIR light irradiation pattern on the same sheet, the hybrid sheet can transform into various welldefined shapes, such as boat-like, helical, hoof-like, saddlelike structures ( Fig. 1 and see supporting videos SV1-4). Upon the removal of light irradiation, the hybrid sheet was able to return to its original flat state and transfer into another shape upon light irradiation with a different pattern. All the shape transformations were highly reversible and could be repeated for many cycles (Fig. S18) . The shape transformations were verified by the finite element modeling (Fig. 1b and see supporting videos SV5-9). The shape transformations are extremely fast (see supporting video SV4): upon light irradiation, the macroporous hybrid sheet reaches its Please do not adjust margins Please do not adjust margins transformation maximum on the order of seconds while it usually takes minutes/hours for a macroscale nonporous hydrogel of similar thickness to transform to its maximum 25 .
To quantify the behavior of the light-responsive shapetransformation system, we investigated the simple bending deformation of the hybrid sheet upon the irradiation with a single striped light pattern. We found that the bending angle increased with the increase of irradiation time and finally reached a stable bending state (Fig. 2a) . The bending rate and time to reach a maximum curvature was strongly dependent on the laser power density. A higher laser power density made the hybrid sheet bend faster as indicated by the larger slope in the red curve (laser power density: 0.94 W/cm 2 ) as compared with the slope in the blue curve (laser power density: 0.57 W/cm 2 ) ( (Fig. 2a) ). A higher laser power density also made the sheet reach its maximum bending in a shorter time. It took about 20 seconds for the sheet to bend to maximum at a laser power density: 0.94 W/cm 2 (red curve),
while it took about 50 seconds at a laser power density 0.57 W/cm 2 (blue curve) (Fig. 2a) . In addition, the bending angle increased linearly with the increase of laser power density ( Fig. 3 ) and decreased gradually to its original state as a function of time after the laser was switched off (Fig. 2b) . The underlying mechanism of the shape-transformation of the macroporous composited hydrogel sheets can be understood as following. The thermo-responsive polymer, PNIPAM, undergoes a coil-to-globule transition in its aqueous solution when the temperature is above its lower critical solution temperature (LCST) (~32 ºC) 28 . This transition will result in a volumetric contraction in its hydrogel form due to the expelling of water molecules 29 . When the hybrid PNIPAM hydrogel was regionally exposed to NIR laser irradiation, the temperature of irradiated region of the hydrogel increased, while the off-exposure areas remained a lower temperature. In other words, a non-uniform temperature field was established in the hydrogel under localized light irradiation. As shown in the thermogram (Fig. S6a) , a remarkable thermal gradient (ranging from 22 ºC to 32 ºC) was created along the sheet's surface when the sheet was locally irradiated with NIR light. During the irradiation, the thermal gradient on the sheet's surface gradually propagated with the increase of the irradiation time. In addition, the heat propagation occurred also along the thickness direction due to the heat flux input on the laser-exposed area and the convectional dissipation over the other surfaces. This phenomenon was confirmed by the presence of a z-direction thermal gradient in the crosssection temperature profile from the simulation (Fig. 4a) . As discussed above, there exist two types of temperature gradients in the hybrid sheet under localized light irradiation: the in-plane thermal gradient and z-direction thermal gradient (Fig. 4a) . These temperature gradients lead to swelling and modulus differences inside the hydrogel: the regions with higher temperature shrink more and become stiffer (Fig. S11) . For the bending shape transformation, the in-plane temperature gradient determines the position of the localized deformation, as the bending tip resides at the center of the in-plane gradient. In contrast, the z-direction thermal gradient causes a larger volumetric change closer to the top-surface, thus breaking the deformation symmetry along the direction of hydrogel thickness and determining the bending direction. For more complicated shape transformations (saddle, helix, and boat in Fig. 1a) , each NIR light illumination generates a signature temperature field inside the hydrogel body, and the interplay of the in-plane and z-direction thermal gradient contributes to a unique shape transformation. A real-time temperature evolution and the corresponding shape transformation was shown in the supporting videos SV10 and SV11. During the establishment of the thermal gradient, the hybrid sheet gradually reached its bending maximum. The maximum bending transformation and the stable surface thermal gradient were achieved at a very similar time scale.
As can be seen from the above discussions, our hybrid hydrogel sheet system is very dynamic under light irradiation. It coupled together heat transfer, mass (water) transport and macroscopic mechanical deformation. To provide deeper insights and more fundamental understanding of our system, we conducted a coupled thermo-mechanical analysis using the thermodynamics of PNIPAM hydrogel. The swelling behaviour of PNIPAM hydrogel stemming from this microscopic mechanism can be captured by its thermodynamics 30 : the coil-to-globule transition is associated with change in a macroscopic Helmholtz free energy. Moreover, the non-uniform swelling field in the hydrogel body is accompanied by interior stresses, as a result of the swelling difference between the hydrogel and its neighbouring material. In such case, the free energy of the hydrogel includes the strain energy in addition to the free energy due to the mixing of PNIPAM network and water molecules. At the presence of a temperature gradient, the equilibrium responses of PNIPAM hydrogel to the inhomogeneous temperature field are governed by a mechanical model which determines the steady states of PNIPAM hydrogel as the Helmholtz free energy minima of the entire system (See supporting information for details). The PNIPAM constitutive model is implemented in ABAQUS user subroutine and the deformation is computed using the directly coupled thermo-mechanical analysis. Without missing the nature of the deformation, the exterior surfaces of the hydrogel sheet are set to be at infinite convection thermal exchange with the ambience in the heat transfer model. Here it was found that a localized stress field was established within the hybrid hydrogel sheet upon light irradiation (Fig. 4b) . The hydrogel material in the exposed area underwent a gradual compression-to-stretch change due to the established thermal gradient, while the areas off exposure remain a stress-free state (Fig. 4b ). The asymmetry in the stress state in the hydrogel material actuated its bending. Further modelling studies show that the shape transformation of the hybrid hydrogel is robust for various boundary conditions and material properties (e.g., finite convection and ambient temperature) (See Figs. S10-S15 for details). Our self-shaping hybrid hydrogel sheet represents a nonequilibrium dynamic system: it requires continuous energy supply (light energy) and energy dissipation (heat dissipation) to sustain its shape. The competition between the supply and dissipation of energy determines the behavior of the sheet's shape transformation. To study this, we used a striped light pattern to trigger the bending of the sheet (Fig. 5b) . It was found that either the NIR laser power density or the irradiation stripe width should reach a certain threshold for the hybrid hydrogel sheet to bend (Fig. 5a ). If supplied light energy was low (small laser power density or small irradiation stripe width), the fast heat dissipation diminished the thermal gradient and disabled the bending of the sheet. The FEM study confirmed a positive correlation between the bending and the laser power density as well as the irradiation stripe width (Fig. 5c, Fig. 5d and Fig. S8 ). It indicates that the bending increased with the increase of either the laser power density or the irradiation stripe width. Increasing the laser power density enhanced the heat generation. A larger thermal gradient was hence established in the sheet resulting in an increased bending. By increasing the irradiation stripe width, thermal gradient was generated in a larger lateral area, which contributed to the increased bending. In conclusion, we reported a simple and effective design of a 2-D macroporous hybrid hydrogel sheet that can transform into at least five different shapes (unlimited number in theory) under NIR light irradiation. Representative shapes achieved from the same 2-D hybrid sheet include helical, boat-like, hoof-like and saddle-like shapes. The transformation is highly reversible and ultrafast (on the order of seconds, while previous nonporous hydrogels of similar thickness transforms on the order of minutes or even hours 25 ). The hybrid sheet is composed of a thermoresponsive polymer, PNIPAM and silver nanoparticles (AgNPs). Each shape transformation relies on the unique swelling pattern generated by the specific thermal gradient established upon light irradiation. The thermal gradient is created through a delicate balance between the continuous localized heating by the plasmonic AgNPs under NIR irradiation and the heat dissipation to the aqueous environment. We point out that accessible shape transformations of the hybrid hydrogel sheet rely on several factors, including: i) size (aspect ratio; thickness) and shape of the original hydrogel sheet; ii) laser irradiation pattern and its intensity; iii) photothermal efficiency of the inorganic nanoparticles; iv) mass and heat transport. We also highly expect that sequentially folding the same 2-D hydrogel material will further greatly enrich the potential of its shape transformations 31 . In the sequential folding, a shape transformation is fixed before next transformation is initiated. After the target shape is achieved, the hydrogel sheet can be restored to its original flat shape. Then new type of transformations can be implemented to obtain a different shape. This sequential folding can potentially lead to a large array of on-demand shapes by reprogrammable origami of the same 2-D hydrogel material. The ultra-fast, reprogrammable and NIR-light-responsive macroporous hybrid hydrogel sheet reported here represents an important step towards designing novel soft materials that can transform to adapt in an on-demand manner. The macroporous hybrid hydrogel sheet may find applications in artificial muscles, soft robotics, microfluidics, actuators, and biomedicine, etc. As an example, the composited hydrogel sheet can potentially serve as dynamic scaffolds for the generation of three-dimensional tissue-like structures. After the seeding and growth of arrays of single or multiple cells on the sheet, controlled exposure of the sheet to patterned NIR light drives the shape transformation of the cell arrays into tissues-like structures with defined geometries such as vascularized nerve tubes 32 . Moreover, such shapetransforming materials can be used as smart sensing wrapper. The sheet patterned with arrays of sensors can be triggered remotely to transform and conformably contact the lesion tissues with arbitrary shapes. The conformal contact between the tissue surface and sensors allows for sensing and mapping the local environment or disease biomarkers. The use of NIR light is beneficial for in vivo application, owing to its large penetration depth and minimal damage to the soft tissues.
Supporting Information
Materials. N-Isopropylacrylamide (NIPAM), N,N'-Methylenebisacrylamide (BIS), silver nitrate (AgNO 3 ), sodium borohydride (NaBH 4 ), ascorbic acid, sodium hydroxide, poly(ethylene glycol) (PEG, MW 6000), 2-hydroxy-2-methylpropiophenone (photo-initiator)
were purchased from Sigma-Aldrich (USA) and used as received.
Synthesis of macroporous PNIPAM Hydrogels. 0.1785 g NIPAM monomer, 0.0575 g PEG (MW 6000) and 0.0226 g BIS were dissolved in 1 mL Nanopure water in a glass vial. A 2.25 µL of photoinitiator (2-hydroxy-2-methylpropiophenone) was then added. The vial was shaken by hand to make a homogeneous solution mixture. Two pieces of glass slides were separated by parafilms with a thickness of 0.5 mm, which was used as a holder for the monomer solution. The monomer solution and the holder were kept in a refrigerator (4 ℃) for 30 minutes. Then the monomer solution was injected to the holder. The polymerization was conducted by using a hand-hold UV lamp with 254 nm as the excitation wavelength. During the polymerization, the holder was kept on a glass petri dish which floated on the surface of an ice-water bath. After the polymerization, the hydrogel was immersed in a large amount of water for at least 1 day to leak out the unreacted chemicals, non-cross-linked polymers and PEG. Then the hydrogel was cut into a rectangular shape (length: 1.70 cm; width: 0.85 cm) or other shapes (star, stripe, disk, etc) for the fabrication of PNIPAM-AgNPs hybrid hydrogels.
Synthesis of PNIPAM-AgNPs Hybrid Hydrogels.
The silver nanoparticles (AgNPs) were grown in situ within the macroporous PNIPAM hydrogel sheet. Briefly, the macroporous PNIPAM hydrogel sheet was immersed in 2 mL AgNO 3 solution (0.04 mg/mL) for 30 minutes. It was then transferred to a plastic petri dish and 5 mL freshly-prepared NaBH 4 (0.4 mg/mL) was added to reduce the silver nitrate within the hydrogel for 30 minutes to obtain silver (Ag) seeds. The Ag-seed-containing hydrogel sheet was put in water to remove excess NaBH 4 on its surface and then immersed in 2 mL AgNO 3 growth solution (1.7 mg/mL) in a
glass vial for 30 minutes. A 200 μL of ascorbic acid (17.6 mg/mL) was then added to the growth solution, followed by the quick addition of 200 µL sodium hydroxide (40 mg/mL) while gently shaking the vial. After 5 minutes, the vial was put in a 29 ºC water bath for 2 hours. Finally the hybrid hydrogel sheet was put in 29 ºC water which slowly cooled down to room temperature. Before doing light-mediated shape transformation, the hybrid hydrogel sheet was immersed in a large amount of water for at least 24 h for the AgNPs to stabilize in the hydrogel. We point out that the hybrid hydrogel sheet can be kept in water for two years without losing the ability in shape transformation when subject to NIR light. For the control experiments, we fabricated macroporous hydrogel but without loading AgNPs. We also synthesized non-porous hydrogel without using PEG, the pore-forming reagent. Then we loaded AgNPs in the non-porous hydrogel in situ by using the same experimental conditions as that for macroporous hybrid sheet. These hydrogels were also subject to NIR light irradiation. We found that the the pristine macroporous hydrogel sheet without AgNPs barely deformed (Fig. S22) . We also found that the non-porous hybrid sheet would slowly and slighly deformed under NIR irradiation (Fig. S23 ).
Light-Triggered Shape Transformations. An 808 nm laser (MDL-N-808, Changchun New
Industries Optoelectronics Technology Co., Ltd, China) was used as the light source and it worked at 5 watts throughout the experiments. During the experiments, the hybrid hydrogel was immersed in 100 mL water in a glass petri dish. Aluminum foil was used to make the photo mask which was attached onto a glass slide. The distance between the laser and the glass slide was adjusted to make sure the light spot took on the shape indicated by the photo mask.
Hydrogel Swelling. The swelling property of the hybrid hydrogel sheet was characterized by using the swelling ratio which was measured gravimetrically after wiping off the excess water on the hydrogel's surface with a piece of Kim wipes in the temperature range from 22 to 36
3°C
. The hybrid hydrogel sheet was incubated in a water bath for at least 48 h at each temperature. The swelling ratio was calculated by using the following formula 1 Swelling ratio = W s /W d where W s is the weight of the swollen hydrogel at the particular temperature and W d is the dry weight of the hydrogel.
Mechanical
Property. An AR2000 stress-controlled rheometer (TA Instruments) was used to study the mechanical properties of the hybrid hydrogel sheet. Rheological experiments were performed at 22 °C and 32 °C, respectively by using cone-and-plate geometry (25 mm diameter and 2 o cone angle). A solvent trap was used to minimize drying of the sample during measurements. Dynamic stress-sweep experiments were first performed on the sample to identify its linear viscoelastic (LVE) region at different temperatures and dynamic frequency sweeps were then performed within the LVE region.
FTIR Measurements. The compositions of the hydrogel sheet were analyzed by FTIR in the region of 650-4000 cm -1 . Before the measurement, the hydrogel samples were swollen for at least two days at room temperature and then were freeze-dried for 24 h. The dried hydrogel samples were directly put under the FTIR probe and the spectra were taken, which was shown in Fig. S1 . From Fig. S1 , it can be seen that the compositions of pure PNIPAM hydrogel, macroporous PNIPAM hydrogel and macroporous PNIPAM-AgNP hybrid hydrogel were the same. There exists a typical -C=O stretch band of PNIPAM at around 1644 cm -1 and a representative -N-H vibration band of PNIPAM at about 1538 cm -1 . In addition, there is no typical -C-O stretch band of PEG at around 1100 cm -1 . These findings indicated that the PEG only acted as a pore-forming agent and did not react with the NIPAM monomer in the fabrication of PNIPAM hydrogel. The same conclusion was also reached in the previous report on macroporous PNIPAM hydrogel synthesized via a redox method 1 .
Optical Property of Hybrid Hydrogel Sheet. The optical property of the hybrid hydrogel sheet was characterized by measuring its absorbance using UV-Vis spectroscopy (Lambda 40 UV/VIS Spectrometer, PerkinElmer, USA). Briefly, swollen hybrid hydrogel sheet and macroporous PNIPAM hydrogel sheet of the same size were put onto a glass slide respectively. The excess water on the glass slide was removed by using Kim wipes to make sure the hydrogel sheet attached to the glass slide. Then the glass slides were put in the reference and sample light paths respectively. The hydrogel sheets were adjusted to be of the same position on the glass slides. The UV/VIS spectra were then taken in an absorption mode at a slit width of 1 nm, scanning speed of 480 nm/min and data interval of 1 nm. The spectrum was shown in Fig. S2 , from which it can be seen that the hybrid hydrogel sheet had a high absorbance (around 1.0) at 808 nm. Since a pristine macroporous gel without Ag nanoparticles was used as the reference, the UV-vis spectrum of the hybrid hydrogel reflects the plasmonic absorption of Ag nanoparticles rather than the scattering of the gel.
Surface Morphology of Hydrogel Sheet. The surface morphologies (Fig. S3 ) of the macroporous PNIPAM hydrogel and hybrid hydrogel sheet were studied by using scanning electron microscopy (XL Series-30, Philips, USA). Samples of the freeze-dried hydrogels were coated with carbon (JFC-1200 Fine Coater, Japan) prior to the SEM examination. From   Fig. S3 a) , it can be seen that the macroporous PNIPAM hydrogel sheet had a macroporous structure with pore sizes estimated to be in the range of 200 nm to 1 m. After AgNPs were fabricated within the hydrogel, the pore size remained similar as that in the macroporous PNIPAM hydrogel (see Fig. S3 b) ). As Fig. S3 c) showed, there was a sharp difference between the surface of the hybrid hydrogel sheet and its cross-section. As seen from Fig. S4 , the hybrid hydrogel has a very dark and shiny appearance indicating silver nanoparticles were aggregated on the surface (left image in Fig. S4 ). We claim that the photothermal property of the hybrid hydrogel sheet under the 808 nm light was mainly due to the absorbance of the AgNPs from the hydrogel surface.
Photothermal Property of Hybrid Hydrogel Sheet.
The photothermal property of the hybrid hydrogel sheet was studied by photothermal imaging technique. The set-up of this experiment was shown in Fig. S5 . Briefly, the hybrid hydrogel sheet was immersed in 100 mL water in a glass petri dish and was irradiated with an 808 nm laser at a power of 5W for 2 min and then the laser was shut off for another 3 min. During the irradiation, the laser spot that reached the hydrogel sheet took on a stripe shape due to the photomask used. The surface temperature of the hybrid hydrogel sheet was monitored by using a FLIR SC300 infrared camera (FLIR, Arlington, VA). Real-time thermal images were captured with frame rate at 60
Hz, and analyzed by FLIR Examiner software. The result was shown in Fig. S6 . It can be clearly seen that a remarkable thermal gradient (ranging from 22 ºC to 32 ºC) was created on the sheet's surface when the sheet was locally irradiated with NIR light (Fig. S6a) . During the irradiation, the thermal gradient on the sheet's surface gradually propagated with the increase of the irradiation time. A stable thermal gradient ranging from 22 ºC to 32 ºC was eventually established on the sheet's surface. We found that the hybrid hydrogel sheet started to bend while its surface temperature increased from 21 °C to 32 °C during the irradiation process and it went back to its original shape when it cooled down. We point out here that that the surface temperature of the hybrid hydrogel sheet can increase to 40 °C by reducing the distance between the laser and the hydrogel surface (data not shown).
Finite Element Modeling on Shape Transformations of a Hybrid Hydrogel Sheet.
Free energy model of temperature-responsive hydrogel. In our PNIPAM hydrogel, the interacting aggregation of cross-linked polymer chain network and solvent molecules constitutes a thermodynamic system of which the macroscopic behaviors are governed by its Equation (1) specifies the explicit expression of the free energy density function which takes the extensive variables F, c as well as the intensive variable T as its arguments. In such cases that the hydrogel is put in contact with a stable aqueous reservoir, the chemical potential of solvent molecule μ is constant; then upon Legendre transformation, the free energy density W is carried to its corresponding thermodynamic potential:
thus Ŵ is a natural function of F, μ and T.
When the stress level is adequately low so that no new void or pore is generated in the hydrogel, the volumetric change of the material solely results from the migration of solvent molecules; hence the deformation F and solvent concentration c are correlated by 4 :
Substitute Equations (1) and (3) into Equation (2), one arrives at the explicit form of Ŵ: Deformation of PNIPAM hydrogel in inhomogeneous temperature field. The deformation behavior of a temperature-sensitive hydrogel is governed by a thermodynamic free energy thus resembling a hyperelastic material 2, 4 . Each thermodynamic equilibrium state of temperature-sensitive hydrogel is a local minimum of the system free energy which can be fully defined by the stretch ratios λ and a dependent solvent molecule concentration c as discussed above. Furthermore, the thermodynamic equilibrium is to be altered upon the change of environment variables. Therefore besides of being able to respond to the conventional mechanical loads, such materials as PNIPAM hydrogels are also able to deform in accordance with the change in temperature and chemical potential.
Solving for the equilibrium states is a boundary value problem (BVP). For simpler cases, e.g., free swelling hydrogel with homogeneous temperature, analytical solution can be obtained, whereas for more complicated case, e.g., hydrogel swelling in an inhomogeneous temperature field, the BVP can be solved numerically by FEM. We adopted the FEM framework established by Ding et al. for the temperature-responsive hydrogel 5 , and prescribed the material properties determined above to the PNIPAM hydrogel used in this study. At this stage we assume that the deformation of PNIPAM hydrogel will not affect the heat transfer processes. A fully coupled thermo-mechanical algorithm is implemented in the commercial FEM package ABAQUS by making use of its temperature-displacement elements.
We investigated the impact of the heat flux intensity H and the laser stripe width w l on the deformation of the PNIPAM hydrogel piece. A 2-D plane strain model of 1.7cm×0.5mm
hydrogel is exposed to a stripe-shaped laser irradiation with heat flux intensity H and width w l .
The heat transfer process from the top surface towards the bottom side creates temperature gradient within the hydrogel body. Dictated by the minimization of free energy the hotter part of the PNIPAM hydrogel tends to shrink more than the cooler part, whereas the deformation of one material particle has to be constrained by its neighbors to achieve thermodynamic equilibrium. Therefore this deformation mismatch causes the hydrogel piece to bend towards the side of elevated temperature.
We plotted the dimensionless curvature (κt d ) at the geometric center as the indicator of localized deformation and the dimensionless transverse deflection (h/t d ) as the measurement of overall deformation (see Fig. 6c , Fig. 6d and Fig. S8 ). Higher heat flux intensity leads to a higher temperature on the top surface thus results in an increased temperature gradient in the thickness direction of the hydrogel piece, which in turn promotes the localized deformation at the deformation tip. If the light stripe is wider, the temperature at heat transfer equilibrium will also be higher. Moreover the wider laser stripe makes a larger portion of hydrogel to contribute to the total deformation and as a result the deflection is larger. As Fig. 6c, Fig. 6d and Fig. S8 indicate, the curvature at the tip and the deflection in lateral direction both increases as H and w l increase.
Additionally, if a PNIPAM hydrogel piece is brought to exposure to a fixed power laser source, i.e., the total quantity of energy absorbed by the hydrogel is fixed at certain amount (P=Hw l =const), there exists an optimal combination of H and w l which yields the largest deflection. As shown in Fig. S9(a) , the wider laser stripe comes with a lower intensity and a narrower one comes with a higher intensity if the laser source power is fixed at P=Hw l =3.6 J/s. k=1.3806×10 -23 m 2 kg•s -2 K -1 , the initial temperature T 0 =295K, the initial stretch ratio λ 0 =1.5489 (at T 0 =295K and relative to the dry state), and the molecular volume of water v=2.9922×10 -29 m 3 . Upon the increasing w l the intensity H decreases and the resulting localized deformation is deduced (Fig. S9(b) ). However the deflection of the hydrogel piece has a maximum at w l =0.2cm, this is because the deflection indicates the level of the total deformation of the entire piece. The increasing w l brings a larger part of hydrogel into irradiation, while the amount of heat which per unit area of top surface receives is reduced.
The tradeoff between the increasing number of contributors and decreasing amount of the contribution per share allows the existence of the maximum deflection.
Heat transfer model with convection boundary condition

Effects of finite convection
The light responsive deformation behavior of the hybrid hydrogel depends on the heat transfer process inside the hydrogel which establishes an asymmetric temperature field triggering the directional bending towards the laser source side . The heat transfer process is determined by two main factors, namely the energy flux input from the laser and the heat dissipation through convection into the ambience . In the model presented in the Main Text, we fixed the temperature on the back surface of the hydrogel at the ambience temperature.
This case corresponds to the maximum convection condition on the back surface, i.e., the convection coefficient is infinite so that the energy dissipates at the highest rate. As a result, the back surface temperature of the hybrid hydrogel sheet equals the temperature of its surrounding water . Such a treatment is valid only if approach such as forced convection is implemented.
To investigate the effect of finite convection on the evolution of temperature and deformation, we prescribed finite convection boundary condition on the hydrogel surface, in addition to the heat flux over the central section of the top surface. Because the water molecules inside the hydrogel network still retained mobility of migrating back and forth between the network and the ambience, the convection coefficient was set at a moderate value 700 Wm -2 K -1 , and the ambience temperature was set at the room temperature 295K.
We used the angle change α to quantify the bending deformation. Fig. S10 showed the temporal evolution of α for different heat flux inputs. When heat flux was comparatively small (e.g., H=3 and 3.5W/cm 2 ), α increased monotonically with time and converged to an equilibrium state value of 29.5° at ~6s. In all the other cases where H>3.5W/cm 2 , the angle reached a maximum value and started to decay. For example, when H=3.5W/cm 2 , α reached a peak value 35.2° at 1s, then gradually reduced to a steady state value at 21.6 o . Compared to the fixed temperature boundary condition, the heat dissipation was smaller for the finite convection case, thus temperature field was established at a higher rate, which resulted in a fast deformation response: at the maximum bending angle, the highest temperature in the center of the top surface was 315K, and the back surface was heated up to 301K. A temperature difference of 14K was developed in ~1s. In addition, with finite convection both the top and back surfaces were heated to a higher temperature. The elevated temperature on the back surface leaded to a reduction of the bending angle. As shown in Fig. S11 , the globule/coil phase transition of PNIPAM was accomplished at ~305K, and the volumetric deformation in the top layers reached its saturation. Therefore, any further temperature increase only resulted in the shrinkage in the back layers, pulling the hydrogel piece away from its initial deformation, which in turn reduced the bending angle. As indicated by the temperature profiles at the equilibrium state in Fig. S10 , even though the temperature difference between the top/back surfaces at the maximum deformation state (14K) was slightly smaller than that at the final state (15K), the bending angle was 13.6° larger. This was because the increase of the top surface temperature from 315K to 327K was not accompanied with any further shrinkage, whereas the volume of the back-layer reduced as the temperature increased from 301K to 312 K. This resulted in the reduction of bending angle from the maximum bending state.
To compare the deformation capability of the hydrogel piece under finite and infinite convection boundary conditions, the bending angle was plotted in Fig. S12 against the top/back surface temperature difference. At first, the hydrogel with finite convection deformed more. This was because 1) the top surface temperature was higher with finite convection , and 2) the heat-affected zone was larger near the top. When ΔT>15K, these two factors were overcome by increased temperature in the back-layer and the deformation was larger for the infinite convection case. The dashed line showed the bending angle in the equilibrium state.
Impact of the ambience temperature
In all the aforementioned calculations, we set the ambience temperature at 295K. Upon further illumination, the local temperature of water near the hydrogel piece will also increase due to its weak absorption of NIR light. To understand the effect of the increased ambience temperature, we set the ambience temperature at 300K over the 3.5mm section in the center of the back surface, and left the ambience temperature around all the other surfaces at 295K.
The applied 5W/cm 2 heat flux remained the same as the baseline case. The bending angle declined to 12.7° from 23.2° (Fig. S15) . This further reduction of deformation corresponded to the dome collapse which was observed in the experiment for the thinner sheet (Fig. S16c) .
We pointed out our hybrid sheet system was very dynamic under light irradiation and its deformation was a result of a fine interplay between the heat transfer in the hydrogel and the dissipation into the environment. was the hydrogel before irradiation, b) was the hydrogel that has been irradiated for 1 minute, c) was the hydrogel right after switching off the laser after 1 minute irradiation. It can be seen that the contribution of the scattering of the hydrogel network to the deformation was negligible. 
